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Abstract 
The occurrence  of bulk superconductivity at ~22 K is reported in polycrystalline samples 
of BaFe2-xRuxAs2 for nominal Ru content in the range of x=0.75 to 1.125. A systematic 
suppression of the spin density wave transition temperature (TSDW) precedes the 
appearance of superconductivity in the system.  A phase diagram is proposed based on 
the measured TSDW and superconducting transition temperature  (TC)   variations as a 
function of Ru composition. Band structure calculations, indicate introduction of electron 
carriers in the system upon Ru substitutiom.  The calculated magnetic moment on Fe 
shows a minimum at x=1.0, suggesting that the suppression of the magnetic moment is 
associated with  the emergence of superconductivity. Results of low temperature and high 
field Mossbauer measurements are presented. These indicate weakening of magnetic 
interaction with Ru substitution 
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1.INTRODUCTION 
Over the last two years much progress has been made in establishing  superconductivity 
unambiguously in MFe2As2 (M=Ba,Sr,Ca,Eu) systems [1-6]. The pristine sample that has 
a Spin Density Wave (SDW) ground state is nudged into a superconducting (SC) state by 
electron/ hole doping and application of pressure [2,7,8,9,10]. Band structure calculations 
point to the fact that SDW state arises on account of the special 2D geometry of Fermi 
surface that is unstable to nesting [11,12]. Also associated with or preceding the magnetic 
transition is a tetragonal to orthorhombic structural transition, which is suppressed in the 
superconducting state. The strong  interplay of structure, magnetism and electronic 
structure have been investigated recently in the Co substituted BaFe2-xCoxAs2 system[13]. 
The temperature composition phase diagrams determined for the different chemical 
substitutions at different sites in BaFe2As2 [14,15,16] show a generic behaviour as a 
function of the concentration of the substituent,  viz., a systematic suppression of the 
SDW transition, followed by co-existence of SDW and SC and the occurrence of a 
superconducting dome. Several transition metal (TM) substitutions with electrons in 
excess of Fe forming, BaFe2-xTMxAs2 have been studied but the maximum TC has 
remained at  ~25 K [17].  A much higher TC of 38 K  and ~35 K, were however observed 
by  optimal hole doping in the Ba1-xKxFe2As2 [2] system and in BaFe2As2 by application 
of high pressure[10].  A systematic investigation on the role of hydrostaticity, in the 
pressure dependent resistivity study of BaFe2As2, has revealed that  uniaxial pressure 
favours the occurrence of high TC at 36 K whereas a lower TC of 29 K occurs under truly 
hydrostatic pressure [18]. Consistent with this finding are results that indicate that 
strained crystals of BaFe2As2 and SrFe2As2 display superconductivity  at ambient 
pressure [19]. A compilation of structural data from several compounds of the related 
ReOFeAs (Re=rare-earth) superconducting family, indicates that TC is optimized at a 
particular Fe-As distance[20] and/or at a particular Fe-As tetrahedral angle[21], 
indicating  that the local structure of the FeAs4 tetrahedra plays a crucial role in 
determining TC.  Devising schemes to effect structural distortions by chemical 
substitution  that would lead to higher TC in the BaFe2As2 system will be useful.  
Thus motivated, we examine the effect of Ru substitution at the Fe site in BaFe2As2.  At 
the outset, it is clear that Ru is isoelectronic to Fe and being larger in size should  
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introduce steric effects, affecting the Fe-As bond length leading to distortions of  the 
FeAs4 tetrahedral motifs. In addition, the larger radius of the 4d electron  shell should  
increase the metal-metal  overlap  in the Fe/Ru layer and increase the hybridization of 
metal atom with As leading to significant alterations in the electronic structure. It is 
established that BaRu2As2  forms by solid state reaction, is iso-structural to BaFe2As2 and 
is metallic although non-superconducting[22], indicating the feasibility of Ru substitution 
in BaFe2As2. Here we report on the synthesis of polycrystalline samples of the BaFe2-
xRuxAs2 series for various Ru fraction, x, and on investigations of their structural, 
magnetic and superconducting properties. The study indicates a systematic suppression of 
the low temperature SDW state with increase in Ru concentration, leading to the  
observation of superconductivity in BaFe2-xRuxAs2 at x~1.0,   at ~20 K. Notably, at this 
composition the magnetic moment at Fe is suppressed as verified by Mossbauer 
measurements and substantiated by band structure calculations.   
 
2.EXPERIMENTAL DETAILS 
The BaFe2-xRuxAs2 (x=0.0, 0.25, 0.50, 0.75,0.875, 1.0,1.125,1.25 and 1.5) samples were 
prepared by solid state reaction from preformed FeAs and RuAs powders and Ba chunks, 
under 30 bar Ar pressure [23]. After an initial heat treatment at 1233 K for 10 hours the 
reacted powder was ground, pelletised and sintered at 1173 K for 5 hours. All weighing 
operations and loading of the reactants into the Ta crucibles were done in a Helium filled 
glove box. The FeAs and RuAs powders were prepared in the same set up by heat 
treating the intimate mixtures of Fe and As powders in quartz crucibles in the temperature 
range of 873 K to 1073 K for 6 hours. The procedure was repeated twice with an 
intermediate grinding. The samples were characterized for phase formation and crystal 
structure using a STOE diffractometer operating in the Bragg-Brentano geometry.  The 
resistivity measurements carried out in the four probe geometry, were done in a dipper 
cryostat. The diamagnetism of the samples was confirmed by magnetisation 
measurements  in a CRYOGENIC, UK make liquid helium based vibrating sample 
magnetometer operating at 20.4 Hz.  HC2 and the Hall co-efficient measurements were 
carried out in an exchange gas cryostat in the 6 K to 300K temperature range under 
magnetic fields upto 12 Tesla. 57Fe Mossbauer measurements were carried out in 
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transmission mode with 57Co radioactive source in constant acceleration mode using 
standard PC-based Mossbauer spectrometer equipped with a Weissel make velocity 
drive. The measurements were carried out at 300 K, 5 K and 5 Tesla external magnetic 
field applied parallel to the gamma rays (using JANIS SuperOptiMag superconducting 
magnet). Velocity calibration of the spectrometer was done with natural iron absorber at 
room temperature.   
 
3.RESULTS & DISCUSSIONS 
The x-ray diffraction results indicate the formation of the I4/mmm, ThCr2Si2 structure for 
all Ru fractions substituted. A small fraction of impurity peaks due to Ru/Fe and Ba 
arsenides were identified. From Rietveld analysis of the XRD data obtained for the 
x=0.875 sample, the fractional z-coordinate of Arsenic (ZAs), transition metal-As bond 
length, the two (e1,2) tetrahedral angles of FeAs4 tetrahedron were determined to be, 
0.3554, 0.2424 nm and 112.51 degrees  and 107.97  degrees respectively. The refined Ru 
composition was determined to be 0.864, which is close to the nominal composition. The  
tetrahedral angles are similar to those obtained in the case of iso-electronic substitution of 
P at As site  for the optimal superconducting composition [16],  but different from those 
seen under the application of pressure[24]. 
 
The lattice parameter  variations obtained from XRD data as a function Ru concentration 
are shown in Fig.1. It is clear from the figure that with Ru substitution there is an increase 
in the a-lattice parameter, whereas the c-lattice parameter shows a decrease, leading to a 
decrease in the c/a ratio. There is an overall   increase in the cell volume of  ~1.18% for 
x=1.0. Similar changes were observed in the SrFe2-xRuxAs2 system[25].  The changes in 
the cell parameters due to Ru substitution contrasts with the variations obtained in Co 
[26] and P substituted BaFe2As2 [16] and that under the application of pressure[24], 
where a monotonic decrease in cell volume arises as a consequence of a decrease in both 
the a and c lattice parameters. In the Ba1-xKxFe2As2 system, while the a- lattice parameter 
decreases and c-lattice parameter increases, the cell volume remains constant with 
substitution [27].  
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The temperature dependence of resistivity normalized to the room temperature value 
obtained in all Ru substituted samples are shown in various panels in  Fig.2. The well 
known drop in resistivity corresponding to the SDW transition seen in BaFe2As2 [1] is 
clearly visible at ~ 150 K in the x=0.0 sample. With increasing  Ru substitution viz., for 
x=0.25 0.50 and 0.625, the room temperature resistivity decreases and   the SDW 
transition shifts to a lower temperature. The onset of the SDW transition for the different 
Ru compositions are marked by ‘*’ in the figure. For a Ru fraction of x=0.75, a small 
bump due to the SDW transition is seen. In addition the resistivity in this sample  shows a 
clear signature of the occurrence of a superconducting transition with an onset of 22 K, 
leading to zero resistance. This transition to the superconducting state is clearly seen in 
samples with Ru fraction of x=0.875, x=1.0 and x=1.125,  but the anomaly due to SDW 
transition is not observed in them. The normal state resistance in these superconducting 
samples indicate  a  linear T dependence up to 250 K.  Further for the x=0.625 and 
x=1.25 samples, although a fall in R(T)/R(300 K) is observed, no zero resistance is seen  
and in the sample with x=1. 5 no drop in resistivity is observed. It can be seen from the 
figure that the normal state resistivity acquires curvature for the x=1.25 and 1.5 samples. 
For these samples the R(T) in the normal state was seen to fit  to a Tn power law with 
n~1.5. Similar composition dependent changes  in the power law behaviour of the normal 
state R(T) was seen in the BaFe2As2-xPx system[16]  and under the application of 
pressure[10]. The zero field cooled (ZFC) magnetization data of  the four samples with 
Ru fraction x=0.75 to 1.125 sample is shown in Fig.3. The diamagnetic drop at ~20 K is 
evident from the data for samples with x in the range of x=0.75 to x=1.125. No 
diamagnetic signals were observed for samples with x = 0.625 and x =1.25. The presence 
of zero resistance (cf. Fig.2) and diamagnetism (cf. Fig.3) in the  samples with Ru 
composition in the composition range of x=0.75 to x=1.125 provides unambiguous 
evidence for observance of superconductivity in the BaFe2-xRuxAs2 system in this 
composition regime.  
 
The variation of resistivity with temperature for the sample with a Ru fraction of 
x=0.875, measured under various fields upto 12 Tesla is shown in Fig.4. A systematic 
decrease in the superconducting onset with increasing magnetic field is clearly seen. 
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Broadening of  the superconducting  transitions upon the application of magnetic field is 
negligible indicating the minor role of anisotropy and granularity in this system. This 
behaviour is similar to results obtained in superconducting, Ba1-xKxFe2As2 [23] and 
BaFe2-xCoxAs2[26]. A linear fit to the onset  data resulted in the evaluation of –dHC2/dT 
at TC to be 2 T/K. This value is close to that obtained for Co substitution in Ba(Fe1-
xCox)2As2 [26] for x=0.034 and x=0.07, but is substantially smaller than the value of ~7 
T/K seen [23] in K substituted samples having a TC of 38 K. The variation of the critical 
field versus normalized TC (TC(B)/TC(0)) are compared for the three superconducting 
samples with varying Ru compositions in the inset of Fig.4.   
 
In Fig.5, we summarise   the variation of TSDW and TC  obtained from the resistivity 
curves shown Fig.2, as a function of Ru concentration. Data for samples that exhibit zero 
resistivity are only included in this figure. The superconducting onsets  obtained from 
magnetization (cf. Fig.3) are also shown in the figure. It is evident from the figure that 
the SDW transition temperature decreases from that in the pristine compound for Ru 
fractions upto x=0.75.  Co-existence of SDW and SC seems to occur in the x=0.75 
sample. It is clear from Fig.5 that for Ru fractions of  x=0.875, 1.0 and1.125, only the 
superconducting phase is stabilized.  Superconductivity is absent for Ru concentration 
greater than or equal to x=1.25. 
 
To investigate how Ru substitution affects the electronic structure, we have performed 
spin polarized density functional calculations for BaFe2As2, BaFe1.5Ru0.5As2, 
BaFe1.0Ru1.0As2, BaFe0.50Ru1.5As2, and BaRu2As2, using the full potential linearized plane 
wave plus localized orbitals (FP-LAPW+LO) method, with the WIEN2k code [27] and 
the results are shown in Fig.6. The details of the calculation is are elaborated in  [28]. The 
calculations were carried out using a superstructure obtained by the √2×√2×1 
construction (a’ = (a+b), b’ = (a-b), c’ = c) from the crystal structure of BaFe2As2 [30], 
as shown in Fig.6c. In this reconstructed structure, all the four Fe atoms occupy non 
equivalent sites. The experimental lattice parameters of the Ru fraction of x = 0.5, x = 1.0 
and x = 2.0 were used for the Ru substituted electronic structure calculations.  The 
calculated DOS shown in Fig.6a for BaFe2As2 is in agreement with that obtained earlier 
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[29].  The atom resolved DOS for d-Fe and p-As are also indicated in the figure. The Ba 
atom does not contribute appreciably to the DOS near the Fermi level (EF). A steady 
increase in DOS at EF was seen with increase Ru substitution. This is clear from Fig.6b, 
where with 50% Ru substitution, the DOS at EF increases to 4.40 eV/unit cell/atom from 
1.82 eV/unitcell/atom in the BaFe2As2 (cf Fig.6a). A similar increase in DOS at EF has 
been  observed for the BaFe2As2 system under the application of pressure and with K 
doping [24].  The significant broadening and their increased contribution  to DOS, 
suggests that the Fe 3d electrons get delocalized with Ru substitution. Ru d levels also  
contribute  to a small extent to the DOS at EF. The converged EF for BaFe2As2 is 0.60268 
Ryd, while that for BaFe1.5Ru0.5As2 is 0.63645 Ryd. The upward shift in EF  with Ru 
addition implies an electron doping due to Ru substitution.  
 
To check on the nature of carriers introduced due to Ru substitution,  Hall co-efficient 
measurements were carried out in the 10 K to 300K temperature range in a home built set 
up in the Van der Pauw geometry[31]. The RH versus T for the single crystalline sample 
of BaFe2As2 and the RH versus temperature on the polycrystalline BaFe2-xRuxAs2 for the 
nominal x=0.75 sample are displayed Fig.7a and 7b respectively. Both the magnitude and 
temperature dependence of the Hall co-efficient shown in Fig.7a are in agreement with 
earlier reports on single crystals of BaFe2As2[32]. From  Fig.7b,  it is clear that the RH is 
negative in the normal state of the superconducting,  Ru  substituted sample. The RH 
values also shows the characteristic drop to zero due to occurrence of superconductivity 
below ~20 K. The RH value in the normal state of the Ru substituted sample shown in 
Fig.7b is smaller   than that seen in Ba0.65K0.45Fe2As2 [31] and that in the BaFe1.8Co0.2As2 
system[8] and is temperature independent. Assuming a one band model, this small RH 
translates to an electron density, which is ~10 times as large as that evaluated for the 
BaFe1.8Co0.2As2 sample[8]. 
 
Band structure calculations were also used to evaluate the evolution of  the magnetic state 
of BaFe2As2 as a function of Ru substitution. For the x=0.0 and x=0.5 structures the 
lowest energy occurs for the stripe anti-ferromagnetic order[30] and for the x=1.0 and 1.5  
superstructures the lowest energy configuration turns out to be paramagnetic.  The 
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magnetic moments of the Fe/Ru atoms were obtained from unconstrained minimization 
of total energy during the self consistent iterations in the spin polarized calculations. It 
was seen that the Ru atoms always align antiferromagnetically to the Fe atoms and only 
in the presence of the Fe atoms, do they show a small magnetic moment. In the x = 0.5 
and 1.5 compositions, there are three Fe(Ru) atoms for one Ru(Fe), whereas, for x = 1.0, 
there are two Fe atoms for two Ru. Hence for the x = 0.5 and 1.5 compositions, the 
magnetic moments obtained for all the Fe atoms in the unit cell are different. The 
variation of the magnitude of Fe and Ru moment with increase in Ru concentration is 
shown in Fig.8, where the maximum of the moments obtained for the Fe/Ru atom are 
plotted.  The Fe magnetic moment shows a minimum value at x = 1.0.  A small 
contribution from the Ru magnetic moment is also evident from Fig.8. The Ru atoms in 
BaRu2As2 show zero magnetic moments. Fig.9 displays the evolution of the Fermi 
surface with Ru substitution, as obtained from band structure calculations for the spin-
down bands. The spin-up bands also show similar features in all the cases excepting for x 
= 0.5. A few points to mention on careful perusal of Fig.9 are: (i) the Fermi surfaces 
become more connected with increase in Ru content, suggestive of increased 
delocalization of the carriers at EF. (ii) Fermi surfaces for spin up and spin down 
electrons become very similar with increase in Ru content, suggesting a preference for a 
paramagnetic ground state for a substantial increase in Ru content and (iii) The Fermi 
surface gets larger, indicating electron addition due to Ru substitution. 
 
To experimentally investigate the magnetic moment at the Fe site, Mossbauer 
measurements were carried out on the x=0.0, 0.5 and 1.0 samples at 5 K. The Mossbauer 
data for these samples obtained at 5 K are displayed in Fig.10. The Mossbauer data 
displayed for the x=0.0 and 0.5  samples (cf. Fig.10a,b), show  the characteristic six 
finger pattern due to magnetic ordering in the spin density wave state of the samples at 5 
K.  The magnetic hyperfine split data is analyzed with NORMOS-DIST program[33] and 
the data of superconducting sample is analyzed with NORMOS-SITE program[33].  The 
hyperfine magnetic split spectrum is fitted to a distribution of fields for x=0 and 0.5 
samples as shown by solid lines in the figure.  The probability distribution  of hyperfine 
fields obtained from the fits, for the x=0.0 and x=0.5 samples are shown in the inset of 
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Fig.10a.  It is clear from the figure, that the hyperfine field distribution has a maximum at 
a field of ~ 5 T in the pristine sample and it becomes more spread out in the Ru 
containing sample with x=0.5.  The observed value of average hyperfine field (BHF) for 
x=0 sample matches closely with that obtained earlier [34,35]. The Mossbauer spectrum 
of x=1.0 sample shown in Fig.10c shows a broad singlet which is similar to that  reported 
in  K substituted samples which show superconductivity at 38K [34]. The fitted data  of 
Fig.10c has an isomer shift value of 0.55  0.01 mm/sec corresponding to 
superconducting phase and a doublet with the hyperfine parameters matching with the 
FeAs2 impurity phase [36]. The fraction of the FeAs2 phase is estimated to be  about 
~3.5%.  Fig. 10(d) shows the Mossbauer spectrum of x=1.0 sample measured at 5 K and 
5 Tesla external magnetic field. The fact that the observed effective BHF (internal field) 
value is close to that of applied external magnetic field, within experimental errors, 
indicates that there is no magnetic ordering present in the x=1.0 sample. The Mossbauer 
results thus indicate the magnetic interactions due to the SDW phase weaken with Ru 
substitution and are altogether absent in the superconducting sample with Ru composition 
of x=1.0.   
  
It will be instructive to compare the phase diagrams determined from our study for BaFe2-
xRuxAs2 with those of other systems belonging to the BaFe2As2 class. Co-existence of 
SDW and SC phases, occur  in all the  phase diagrams irrespective of how the phase 
changes are induced, i.e: by pressure or substitution,  isoelectronic or otherwise.  Our 
study indicates that optimal TC occurs for Ru concentration x between 0.75 and 0.875.  
This is similar to the isoelectronic substitution cases, of BaFe2As2-xPx and SrFe2-xRuxAs2, 
in which that optimal superconductivity occurs for x ~0.8. Whereas, it contrasts with 
optimal TC being observed at x~0.2  in the more extensively studied, BaFe2-xTMxAs2 [17] 
systems in which the TM atoms add extra electrons as compared to Fe. This difference 
emphasises the fact that to effect the electronic structure change conducive for 
superconductivity a much larger distortion of the lattice is required for the case of iso-
electronic substitution.  
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5.SUMMARY &CONCLUSIONS 
 
Polycrystalline samples of BaFe2-xRuxAs2 samples have been synthesized by solid state 
reaction from the FeAs, RuAs powders and Ba chunks under 30 bar argon pressure. 
Resistivity, DC magnetization, Hall co-efficient and Mossbauer measurements were 
employed to characterize the physical properties of the series. A phase diagram is 
proposed that indicates that the spin density wave ground state gives way to the 
occurrence of superconductivity in the x range of 0.75 to 1.125. Hall co-efficient 
measurements  indicate introduction of electron carriers due to Ru substitution. 
Mossbauer results indicate a systematic suppression of the low temperature magnetic 
state with increase in Ru content. Electron doping and magnetic moment suppression 
with Ru substitution are borne out  by band structure calculations.  
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FIGURE CAPTIONS 
Fig.1a Variation of the a and c lattice parameter as a function of Ru fraction substituted.  
 
Fig.2 Variation in normalised resistivity with temperature in BaFe2-xRuxAs2 for various 
nominal Ru fractions x indicated. The origin is shifted for each composition for clarity. 
The ordinate axis alternates for each composition showing the 0 and 1 markers. The 
SDW transitions are indicated by stars. 
 
Fig.3 DC magnetisation as a function of temperature for nominal x=0.75, x=0.875, x=1.0 
and x=1.125.  
 
Fig.4 The variation of the SDW transition temperatures and superconducting onsets as a 
function nominal Ru fraction x. SDW and superconductivity states co-exist for the 
x=0.75 sample. 
 
Fig.5 Variation of resistance versus temperature for various external magnetic fields 
indicated, for Ru fraction, x= 0.875. Inset shows the field dependence of superconducting 
transition  temperatures, normalized to their zero field counterparts, for x=0.75,0.875 and 
1.125. 
 
Fig.6 A comparison of the spin polarized density of states obtained from first principles 
calculations in  (a)BaFe2As2 and   (b) BaFe1.0Ru1.0As2. (c) a schematic of the structure of 
the supercell used in the calculation 
 14 
Fig.7a Hall co-efficient in BaFe2As2 single crystals (b) Hall co-efficient in 
polycrystalline BaFe2-xRuxAs2 for x=0.75; the measuring field and current used in the 
experiments are indicated. 
 
Fig.8a The variation of the calculated magnetic moment at the Fe site and Ru site with 
increase in Ru concentration in the supercell calculations.  
 
Fig.9 Evolution of the Fermi surface obtained from spin polarized DFT calculations for 
the spin up bands in BaFe2-xRuxAs2 for (a) x=0.0, (b) x=0.5, (c) x=1.0 and (d) x=2.0. 
 
Fig.10 Variation of the transmitted intensity versus the velocity, of the Mossbuer spectra 
measured at 5 K in BaFe2-xRuxAs2 samples with (a)x=0.0, (b)x=0.5 (c)x=1.0 and (d) 
x=1.0 with an external magnetic field of 5 T. Inset in (a) shows the probability 
distribution of the magnetic field for x=0.0 and x=0.5 samples, obtained from fits of the 
corresponding data shown in (a) and (b).  
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